Plasmodia of the acellular slime mold, Physarum polycephalum, reveal a complex and changing pattern of birefringence when examined with a sensitive polarizing microscope. Positively birefringent fibrils are found throughout the ectoplasmic region of the plasmodium. In the larger strands they may be oriented parallel to the strand axis, or arranged circularly or spirally along the periphery of endoplasmic channels. Some fibrils exist for only a few minutes, others for a longer period. Some, particularly the circular fibrils, undergo changes in birefringence as they undergo cyclic deformations. In the ramifying strand region and the advancing margin there is a tendency for fibrils of various sizes to become organized into mutually orthogonal arrays. In some plasmodia the channel wall material immediately adjacent to the endoplasm has been found to be birefringent. The sign of endoplasmic birefringence is negative, and its magnitude is apparently constant over the streaming cycle. The pattern of plasmodial birefringence and its changes during the shuttle streaming cycle of Physarum are considered in the light of several models designed to explain either cytoplasmic streaming alone or the entire gamut of plasmodial motions. The results of this and other recent physical studies suggest that both streaming and the various other motions of the plasmodium may very likely be explained in terms of coordinated contractions taking place in the fibrils which are rendered visible in polarized light.
INTRODUCTION
The acellular slime mold, Physarum polycephalum, has a complex life cycle of several stages in which motility of several different kinds is observed. During the cellular phases of the life cycle, locomotion of individual myxamebae and myxoflagellates is achieved by apparently stereotyped ameboid and flagellar movement, respectively. When the plasmodial stage forms by the aggregation and subsequent fusion of single myxamebae, the plasmodial mass takes on a characteristic morphology and assumes a manner of motion quite different from that observed in the cellular phases of the life cycle. Motility during the plasmodial stage has often been classified as, or compared with, ameboid movement, because of the fact that the whole plasmodial mass transports itself over a solid substratum by cytoplasmic streaming in the channels lined with gelated cytoplasm (ectoplasm or channel wall substance). It is doubtful, however, whether the analogy with ameboid movement provides any advantage in understanding the processes on which either type of motility is based, for streaming in the plasmodium reverses direction periodically (hence the term "shuttle-streaming"), and pseudopodia (in the strict sense) do not form. Instead, the channels branch and anastomose ex-tensively, finally emptying into a fan-shaped "advancing margin" which is common to many individual streamlets.
While the streaming of cytoplasm in the individual channels is the most striking motion within the plasmodium, the whole organism exhibits many other kinds of motion which include the following :--1. Cytoplasmic streaming occurs not only in nearly all healthy channels both large and small, but in streamlets within the advancing margin.
2. There are periodic fluctuations in the diameter of the various strands and their channels. (In time-lapse cinematography these changes resemble the beating of contractile vessels in a primitive circulatory system.)
3. There are continuous changes in the outer form of the entire plasmodium and in the shape and length of its strands. (Changes in strand length are particularly clear when the strand has been suspended between two wails of a moist-chamber, a 4. Torsional movements of strands are visible when the strand is suspended at one or two points ~ (12) . 5 . Saltatory motions of cytoplasmic particles have been observed in various parts of the plasmodium (24) .
That isolated protein fractions show physicochemical and enzymatic behavior somewhat similar to that of the actomyosin system of muscle (15) (16) (17) (25) (26) (27) (28) suggests the presence within plasmodia of a macromolecular mechanochemical transducer responsible for converting the energy of metabolism to some or all kinds of plasmodial motility listed above. The myxomyosin protein fraction prepared by Ts'o et al. (25) (26) (27) (28) was shown to contain large, asymmetric molecules which might be expected to form fibrillar systems capable of producing contractions at the microscopic level and perhaps other kinds of motions as well. The existence of just such fibrils has already been documented by Wohlfarth-Bottermann (29, 30) in fixed and sectioned material examined electron microscopically, and H. Nakajima has published a preliminary report of similar fibrils observed in the living state with polarized light (17) . The purpose of the present study is to report in detail on the i A 16 mm motion picture film showing contractile and torsional motions in excised plasmodial strands was shown extensively in the United States by Professor Noburo Kamiya during 1962 and 1963. pattern of birefringence in the plasmodium of Physarum polycephalum and the changes undergone by that pattern during the various motions which the plasmodium exhibits. Supplementing this report is a published film, in which most of the observations may be repeated (18) . The pattern of birefringence which was found did not entirely coincide with expectation; however, the results will be discussed in relation to present concepts of cytoplasmic structure and the mechanism of cytoplasmic streaming.
MAT]~RIAL AND METHODS
Plasmodia of Physarum polycephalum were grown from slcerotia 2 on filter paper saturated with tap water and sprinkled with oatmeal according to the procedure of Camp (6) . Cultures were maintained in the dark at about 20°C until parts of the advancing margin had crept up the walls of the culture dishes. Explants were then transferred to clean, moist filter paper without oatmeal. After two or three such daily transfers, starved plasmodia become virtually free of the starch grains that would otherwise interfere seriously with observations in polarized light. Small plasmodial explants with a mass of about 1 mg were placed on a clean eoverglass (with or without a thin coating of 2 per cent agar) and were allowed to spread out in the moist air of a darkened container. Within a few hours, they had spread out into disclike sheets in which cytoplasmic streaming could be seen easily within distinct channels. Later this sheet spread out into a reticulum of ramifying strands branching into very small channels within a fan-shaped advancing front. At this stage the preparations were ideal for polarized light microscopy except for depolarization of light at the plasmodiumair interface. To avoid this, plasmodia were covered with dilute sucrose (0.03 to 0.1 M). Although plasmodia require a moist environment and often grow on the surface of water, they suffer some degree of osmotic shock when immersed in water. The added sucrose lessened this to some extent, but it was clear that cytoplasmic streaming tended to become some-. what weaker over a period of a few hours after immersion. Finally, preparations were sealed with a paraffin-beeswax lanolin (I : 1 : 1) mixture to limit evaporation.
The polarizing microscope was one especially designed and constructed along the lines recommended by Inou6 (8) for high extinction conditions. The light source was an Osram HBO-107 lamp with a heatabsorbing filter and a wide band interference filter 2 Sclerotia were obtained from Dr. John Ward, Department of Biology, Temple University, Philadelphia, Pennsylvania. 
Object retardation (m~.) developed to a g a m m a (3') of 0.6 and printed on Kodak No. F 2-5 paper. We have previously shown (4) that density differences (i.e., photographic contrast) measured from a pair of photographic negatives taken at two selected compensator settings on the opposite sides of the extinction point can be used to determine the retardation of any structure in the image, provided the crystal axes of the structure are oriented at -4-45 degrees from extinction. In this way, absorption and light-scattering errors can be averaged out and rendered negligible. In the following equation, derived elsewhere (4), the density difference (AD) measured from the photographic negative with a recording lnicrodensitometer 3 is a function of the g a m m a (3") to which the film is developed (cf. Kodak tables or determined empirically, see also reference 4), the retardation (S) in wavelengths and the angle setting (0) of the compensator, the instrumental extinction factor (F,~), and the object retardation to be determined (1~).
3 Mark IIIb Joyce-Loebel Recording Microdensitometer.
F 2 I ' S sin 20 -t-I '~ 1

AD = 71°g LS~sin220+ ~52 + l
Fig. 1 is a plot of density difference as a function of object retardation at several of the compensator set-. tings employed in the present study. This curve provides, therefore, a key to the data presented in the photographs. It will be noted that in selected retardation ranges photographic contrast is nearly proportional to retardation.
R E S U L T S
T h e pattern of birefringencc in Physarum is perhaps best described by considering the various regions of the p l a s m o d i u m separately.
Major Plasmodlal Strands
Ectoplasm of the walls of the larger channels tended to show four kinds of birefringent elements (Figs. 2 to 4 ) : --( a ) general weak diffuse positive axial birefringence, (b) positively birefringent fibrils r u n n i n g parallel to the axis of the strand, (c) positively birefringent fibrils a p p a r e n t l y a r r a n g e d circularly a r o u n d the channel at intervals along the strand, and (d) spirally a r r a n g e d positively birefringent fibrils. It was not possible to decide on optical grounds w h e t h e r the "circular" fibrils were peripheral to, or actually inside, the channel, because of the large depth of focus of the lens system at the low numerical working apertures employed. However, it did not seem likely that such delicate fibrils could form and dissolve in the midst of active cytoplasmic streaming inside the channel without either some visible obstructing influence on the stream, or their being deflected in first one direction then the other by the shuttling endoplasm.
In quantitative terms, the diffuse birefringence was of the order of 1.5-2 X 10 -5 , whereas the fibrils were of the order of 3 X 10-4. Time-lapse cinematography in polarized light and sequential 35 mm still photomicrographs showed not only that the birefringence of the circular fibrils fluctu. ated with the streaming cycle (i.e., increased mith their length), but that many of the fibrils faded and disappeared after only a few minutes of existence.
STREAMING EN DOPLASM
The endoplasm within large channels always shows clear but weak negative birefringence. The distribution of retardations across the channel does not deviate significantly from a semiellipse, suggesting that the birefringence of the endoplasm is approximately uniform throughout the cylindrical channel. The birefringence does not vary detectably (with our present measuring system) over the streaming cycle. That is, the birefringence is just as strong when the cytoplasm is motionless as when it is streaming at its maximum veloelty (about 1 ram/second). The longitudinal endoplasmic striations visible in Fig. 2 are almost certainly not fibrillar inclusions, but rather streaks left by the motion of light-scattering and birefringent inclusions.
Ramifying Strands
ECTOPLASM
In the ramifying strand portion of the plasmodium, diffuse birefringence may be seen as well as varying amounts of fibrillar material arranged as string-or belt-like aggregates measuring up to several hundred microns in length and up to 50 # in diameter ( Fig. 6 ; see also reference 17). In most of the preparations with the largest aggregates of birefringent fibrils, the streaming was not so vigorous as that in specimens with diffuse birefringence.
In some preparations there was a tendency for stronger than usual positive birefringence immediately adjacent to the endoplasmic channels and extending for several tens of microns into the channel wall (Figs. 3 and 4) . Gel walls separating two channels also show positive birefringence; in at least one case (Fig. 5) , the birefringence of the separating gel wall was considerably higher than that of the peripheral channel wall material in contact with only one channel.
At the junctions of ramifying strands or at branches there was observed a distinct tendency for the ectoplasmic fibrils to be arranged in arrays orthogonal to one another (Fig. 6 ).
ENDOPLASM
The endoplasm of the smaller ramifying strands and branches could be seen to be negatively birefringent (Figs. 3 and 4) , but the sensitivity of the optical system was insufficient for ascertaining whether the magnitude of birefringence was the same as that of the endoplasm of the larger channels.
The Advancing Margin
The fan-shaped advancing margin of the plasmodium showed great numbers of relatively thin fibrils (Fig. 7) . Here also the fibrils tended to become aligned orthogonally and to show varying degrees of lateral aggregation and some evidence of branching. Time-lapse cinematographic records of these regions showed rhythmic deformations of the entire advancing margin and of the fibrils within it, but in some cases at least, there was apparently no correspondence between the direction of streaming and the orientation of the fibrils.
Endoplasmic streamlets within the advancing margin were so thin that their birefringence, if present, was not detectable.
Relationship Between Strength of Streaming and Number of Fibrils
Throughout this study there was detected a general inverse relationship between the strength of streaming and the number and size of fibrils. Fresh preparations with the most vigorous streaming showed mostly diffuse birefringence and relatively few fibrils. Since all of the plasmodia had been flattened to some extent and exposed to the hazard of total immersion in sucrose solutions, the possibility cannot be excluded that the fibrils, to one extent or another, are artifacts caused by one of these two factors in the experimental procedure. It is possible, as Wohlfarth-Bottermann suggests (30) , that the fibrils form as an adaptive response to a necessity for increased power output for cytoplasmic streaming. In several cases in the present study (Figs. 8 and 9 ) fibrils were observed to form in regions where streaming had recently come to a halt, and in one case (Fig. 9 ) streaming was observed to resume in such an area in which fibrils had formed; the birefringence disappeared as the streaming resumed.
Glycerinated Plasmodial Models
Plasmodia were placed in ice cold 50 per cent glycerol for about 5 days to remove water-soluble materials and hopefully to preserve structurally fixed elements of the mechanochemical system. Fig. l0 shows that even after glycerol extraction a certain amount of the original birefringence remains. In some preparations immersed in distilled water the signs of birefringence of both the ectoplasm and endoplasm remained the same as in the living state. However, in a few other preparations, the sign of birefringence in the endoplasm had apparently become positive. There seems little doubt that the endoplasmic birefringence has its basis in structure, and is not flow birefringence.
D I S C U S S I O N
The working hypothesis under which the present study was undertaken was that a mechanochemical system in the slime mold, such as myxomyosin or plasmodial myosin B, should, if it contains asymmetrical macromolecules in any major longitudinal arrays, exhibit birefringence not unlike that of the various types of muscle. This working hypothesis would appear to have been vindicated by the finding of diffuse birefringence and longitudinal, circular and spiral fibrillar elements in the ectoplasm both above and below the resolution limit of the microscope. Our enthusiasm with the significance of this finding is only slightly dimmed by the uncertainty as to the extent that two factors in the preparative procedure (mechanical compression and osmotic shock) may have induced or intensified the presence of these fibrillar elements. These preparative procedures would seem not to have been too injurious if cytoplasmic streaming continues at an almost normal intensity. The tendency for a greater number and size of fibrillar structures with weakened streaming does suggest, however, either that excessive fibril formation is abnormal, or that the formation of fibrils is an adaptive response to conditions that demand greater power output in streaming. The latter explanation was suggested by Wohlfarth-Botterman (30) to account for a greater number of fibrils in a plasmodium forced to " p u m p " its cytoplasm against gravity. To the extent that the fibrillar structures may be induced, they may be considered to have "crystallized out" of pre-existing organization of a lower order (diffuse birefringence). One can say with certainty that the birefringent elements are fibrils and not membranes, because the orientation of plicae extending into the endoplasm is radial and would contribute birefringence of the opposite sign to that which is observed. The principal question for discussion is whether the pattern of birefringence and its changes shed any light on the mechanism of motility within the plasmodium.
It was pointed out in the introduction that, even in the plasmodial stage alone, several kinds of motility are observed. From the theoretical standpoint, it seems best to explain all of these presumably related motions with a single model requiring the fewest untested assumptions. The alternative is a series of models to account for the various motions separately; this should be avoided unless de- m a n d e d by a large body of data. In the following discussion we shall consider the birefringence data in relation to several models which might be considered to offer an explanation either to cytoplasmic streaming alone, or to the entire gamut of motile capabilities of the plasmodium.
T h e model which is most attractive for its simplicity and generality is that streaming is moti--vated by hydrostatic pressure generated by contractions spreading over the channel walls. This idea has been advanced by several workers (7, 20, 21) , but has been repeatedly questioned on the FmVRE 7 A series of photographs of the advancing margin (Figs. 7 a, b, c, and d ) and its junction with the ramifying strand portion of the plasmodium (Figs. 7 e, and f) . Compensator settings were -t-3 degrees for Figs (Fig. 8 a) . In Fig. 8 b this was replaced gradually by strongly birefringent fibrils, which became more distinct with the passage of time. The interval between frames was a few minutes.
grounds that the motions observed within the channels appeared to be too complex to be reconciled with such a simple model (lO, 14, 22-24).
Seifriz (22) , in particular, after examining Physarura streaming in time-lapse cinematographic records strongly favored such a pressure model, but several years later modified his views after seeing the pattern of streaming in a newly discovered organism, Reticulomyxa filosa, pointed out to him by Nauss (19) . A short film sequence of Reticulomyxa made by Seifriz shows the opposite displacement of continuous streams in classical "plug-flow," a situation which Seifriz correctly surmised was incompatible with the pressure model. While Seifriz abandoned the pressur~ model in his later discussions of the theory of cytoplasmic streaming (22) , he could just as well have assumed that two distantly related organisms might have evolved slightly different mechanisms of cytoplasmic streaming.
The pressure theory as applied to Physarum was criticised in particular by Loewy (14) who pointed to the fact that, within the same region of a "pseudopodium" (see his Fig. 1 ), streaming occurs in various directions in different parts of the channel system. While this situation would clearly exclude contraction of the entire pseudopodium, it is not in any way incompatible with the occurrence of local contractions and relaxations adjacent to the individual channel walls. The measurements of flow velocity and motive force by Kamiya (1()) have indicated a polyrhythmicity of exactly, the kind such local contraction cycles would produce. The existence of longitudinal, circular, and spiral fibrillar elements, some of which, at least, are changing in length, growing, or dissolving during the streaming cycle, is not only compatible with the pressure model, but provides the very structural basis that one would expect for the motions of the channel walls that would generate the pressure gradients required for streaming. The fibrils thus are so positioned and organized within the ectoplasm that contractions within them would bring about longitudinal and circular contractions, and torsional motions, as well as cytoplasmic streaming.
The pressure model thus predicts that the fibrils surrounding emptying channels should be undergoing active contraction while those in filling channels are relaxing. While it is true that the birefringence of circular fibrils in the former is decreasing while it increases in the latter, it is not certain whether these changes are brought about by active contractions or passive elastic changes in length. The only physical data available at present on the site of contraction in slime mold plasmodia are the thermal measurements of Allen et al. (5) who showed that, when the temperature difference between the plasmodial blobs in a Kamiya double chamber is measured by a highly sensitive thermistor-bridge circuit, the temperature of the empty-FIGURE 9. A detailed view of tile advancing margin showing fibrils and a weak streamlet (arrows). Compensator settings were ~4.5, --6 and -6 degrees for Figs. 9 a, b, and c, respectively. Fig. 9 c was taken a few minutes after Fig. 9 b. Note that streaming had resumed and fibrils in the streaming area had dissolved. FIotmE 10 A low power view of a glyeerinated preparation showing rather large channel in the advancing margin (flattened). Note the negative birefringence remaining even after glycerol extraction. The compensator in Fig. 10 a was set at -4-~.5 degrees, and for Fig. 10 b, -2.5 degrees; the exposure was ~,5 seconds.
ing channel side is always measurably higher than that of the filling channel side. Thus if the mechanochemical process in Physarum is as inefficient as that in muscle (i.e., considerably less than 50 per cent), these results would appear to establish the site of application of the motive force as in the rear (i.e., emptying side) of the plasmodium. Taken together with the demonstrated presence of birefringent structures correctly deployed to account for the visible deformations of the plasmodium, the results of Allen et al., (5) lend strong support to the pressure model. The thermal data appear to establish that, at least at a gross level, the mechanism is pressure; however, the possibility cannot be excluded that the pressure arises in some way other than by the contraction of the fibrils.
Another model which perhaps might be second in preference requires an interaction of some unspecified nature between the streaming endoplasm and the ectoplasmic channel wall substance (e.g., reference 14). Interactions of this sort have been termed active-shearing or active-shifting, and while their nature has seldom been specified or discussed in detail except in the case of muscular contraction by the "sliding filament hypothesis", it would appear that all such interactions between the endoplasm and ectoplasm would necessitate a structured endoplasm and at some level either a pushing or pulling mechanism in which the mechanochemical transducers would take part. The finding of truncated paraboloid velocity profiles in the endoplasm of the large channels (11) imposes severe restrictions on how such a force could be applied and suggests that if such a force were present it would be more likely found in the smaller channels (streamlets). The thermal data mentioned above would place further restrictions on the site of action of such a mechanism, by limiting it largely to the walls of the smallest channels and streamlets on the emptying (or rear) side.
There is some evidence which might be considered as compatible with the active-shearing type of interaction. The finding of structural (i.e., not flow-) birefringence in the endoplasm satisfies a requirement of the model. Similarly, the presence of birefringent fibrillar material at the walls of some channels, and the apparent "inductive effect" of two channels on the birefringence of a shared, separating gel wall suggests the deployment of transducer molecules where they would be expected according to such a model. However, in the cases observed, the birefringence of these parts of the plasmodium did not change during the streaming cycle, and the streaming in the advancing margin was not directed parallel to the oriented fibrils.
The active-shearing model probably cannot be either confirmed or excluded on the basis of available published information or data from the present study. However, as an explanation for the whole gamut of plasmodial motions, it clearly leaves much to be desired, for then further assumptions are required to explain the presence of ectoplasmic fibrils and their role in longitudinal, circular, and torsional deformations. This is not to deny the possibility, however, that contraction of slime mold fibrils might have a molecular basis similar to that of striated muscle contraction. For the present, these considerations must be left open for lack of experimental evidence.
One model which apparently can be excluded on the basis of present information is one analogous to the front-contraction model of ameboid movement (1). While the demonstration of endoplasmic structure capable of transmitting tension (3) raised the possibility that the endoplasm might be pulled by contractile tension applied on streamlets on the filling side, the thermal data (5) quite clearly exclude the possibility that any major portion of the work performed by the mechanochemical system could be applied on the filling side (or front) of the plasmodium. The pattern of birefringence also provides no evidence supporting such a front-contraction model in the slime mold. It will be shown, however, in a paper now in preparation that the pattern of birefringence and its changes during streaming are totally different in the ameba.
Very recently, an entirely different model has been proposed by Kavanau (13) as part of a general jet propulsion theory to account for all kinds of protoplasmic streaming. This model invokes pumping by membranous structures (e.g., tubules), resulting in a null-momentum counter-current process in which the membranes and the fluid they purportedly pump would move in opposite directions. While such a mechanism, with certain assumptions, might account for the motion of particles in first one direction then the other, it would not account for the experimentally observed fact that the fluid surrounding the particles moves with them and not counter to them. The net movement of whole cytoplasm, which has been so elegantly demonstrated by the volumetric double-chamber method of Kamiya (9, 10) , would appear to rule out the jet-propulsion model. A further disadvantage of the model would be the necessity of explaining the other motions of the plasmodium in terms of a totally different model, probably by contractility. Rather than resort to separate explanations of this sort, Occam's razor suggests that we concentrate on the hypotheses which require the fewest assumptions and explain the most observations.
One feature of our present findings which does not fit very well with any of the models of cytoplasmic streaming is the negative birefringence of the endoplasm. It might have been expected that macromolecular transducers responsible for positively birefringent fibrils in the ectoplasmic gel would keep their positive sign of birefringence and be passively transported in the endoplasm. There, they would be expected to align themselves along the lines of flow and produce positive rather than negative birefringence. The fact that the endoplasmic birefringence is negative, and does not change in apparent magnitude during the streaming cycle (even at rest), would seem to indicate either that (a) the macromolecules are oriented and fixed perpendicular to the stream axis, (b) that their sign is altered in the endoplasm (perhaps due to a change in hydration state), or (c) that endoplasmic birefringence is due to something besides the transducer macromolecules. At present we cannot decide among these possibilities.
It does not appear to be helpful to explain the different signs of birefringence simply as differences between the sol and gel states, for the signs of birefringence of the respective materials are opposite in the cases of the slime mold and ameba. Furthermore, the existence of both structural birefringence and rheologically determined structure (3) in slime mold endoplasm casts considerable doubt on the advisability of the term sol for what now appears to be a rheologically complex material.
Considerable evidence has been presented by Wohlfarth-Bottermann (29, 30) to show that a pattern of fibrils similar to, or identical with, those observed in the present study can be preserved in the fixed condition for electron microscopic and histochemical studies. These fibrils have been shown histochemically to contain ATPase, the enzyme which biochemical studies of the actomyosin and myxomyosin (or plasmodial myosin B) systems would lead us to expect to find in the fibrils. Furthermore, Wohlfarth-Bottermann's electron microscopic studies have revealed filamentous structures within the microscopically observable fibrils which are apparently made up of elongated molecules similar in size to those in myxomyosin studied by Ts'o et al. (25) (26) (27) (28) . Thus, there are good grounds for believing that the birefringent fibrils described here are composed of "contractile pro-tein" similar to that of the fractions prepared from plasmodia by Ts'o et al. and by Nakajima (15) (16) (17) . Therefore, it may be justified to assume that most or all of the motions observed in living Physarum plasmodia are brought about by the contraction of the various kinds of fibrillar units observable in polarized light.
